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Summary 
The contribution of intersynaptic transmitter diffusion 
to the AMPA receptor EPSC time course was studied in 
cultured CA1 hippocampal neurons. Reducing release 
probability 20-fold with cadmium did not affect the 
time course of the averaged AMPA receptor EPSC, 
even when receptor desensitization was blocked by 
cyclothiazide, suggesting that individual synapses 
contribute independently to the AMPA receptor-medi- 
ated EPSC. Deconvolution of the averaged miniature 
EPSC from the evoked EPSC showed that release prob- 
ability decays only slightly faster than the EPSC, sug- 
gesting that the AMPA receptor EPSC time course is 
determined primarily by the asynchrony of vesicle re- 
lease. Further experiments demonstrated that cycloth- 
iazide, previously thought to affect only AMPA recep- 
tor kinetics, also enhances synaptic release. 
Introduction 
Excitatory synaptic transmission in the CNS is mediated 
primarily by the release of glutamate from presynaptic ter- 
minals onto postsynaptic N-methyI-D-aspartate (NMDA)- 
preferring and a-amino-3-hydroxy-5-methyl-4-isoxazole- 
propionate (AMPA)-preferring receptor-gated channels 
(for review, see Mayer and Westbrook, 1987; Collingridge 
and Lester, 1989). While the time course of the NMDA 
receptor-mediated excitatory postsynaptic urrent (EPSC) 
is limited by the slow kinetics of the NMDA receptor chan- 
nel complex (Hestrin et al., 1990; Lester et al., 1990; Gibb 
and Colquhoun, 1992; Lester and Jahr, 1992), the mecha- 
nisms underlying the more rapid decay of the AMPA recep- 
tor EPSC remain controversial. Given the numerous mod- 
ulatory processes that regulate presynaptic vesicle 
release (Robinson et al., 1994; S611ner and Rothman, 
1994), postsynaptic AMPA receptors (Greengard et al., 
1991; Wang et al., 1991; McGlade-McCulloh et al., 1993; 
Rosenmund et al., 1994), and transmitter uptake mecha- 
nisms (Barbour et al., 1989; Zerangue et al., 1994), it is 
important to identify which aspects of the synaptic process 
determine the time course of the postsynaptic response. 
Several lines of evidence suggest that glutamate is 
cleared from the synaptic cleft very rapidly. Theoretical 
analyses of synaptic geometry have suggested that free 
diffusion alone is sufficient to clear transmitter from the 
cleft in a few milliseconds (Eccles and Jaeger, 1958). At 
several different CNS synapses, the miniature AMPA re- 
ceptor EPSC (mEPSC) decays approximately as fast as 
the rate with which the AMPA receptor channel deacti- 
vates, i.e., closes and unbinds (Trussell and Fischbach, 
1989; Hestrin, 1992, 1993; Trussell et al., 1993). This ob- 
servation suggests that the transmitter eleased from a 
single vesicle is cleared from the cleft at least as fast as 
the mEPSC decay time, i.e., within a millisecond or two. 
In addition, kinetic studies using rapidly dissociating an- 
tagonists to the NMDA receptor suggest that glutamate 
is cleared from the cleft with a time constant of 1.2 ms 
(Clements et al., 1992). These results, coupled with the 
observation by several groups that blockade of glutamate 
uptake does not prolong the EPSC time course (Hestrin 
et al., 1990; Isaacson and Nicoll, 1993; Sarantis et al., 
1993; Tong and Jahr, 1994a, but see below), argue that 
diffusion, aided by buffering effects of glutamate transport- 
ers (Tong and Jahr, 1994a), clears glutamate so quickly 
that the decay of the AMPA receptor EPSC is limited by 
the dissociation of glutamate from the receptor. 
On the other hand, a growing body of evidence suggests 
that the concomitant release of multiple vesicles of gluta- 
mate, either from the same presynaptic site (Tong and 
Jahr, 1994a, 1994b) or different sites (Trussell et al., 1993; 
Barbour et al., 1994; Mennerick and Zorumski, 1995), may 
increase the peak concentration and/or extend the time 
course of glutamate in the cleft. The AMPA receptor EPSC 
decay is slower than that of the mEPSC (Trussell and 
Fischbach, 1989; Vyklicky et al., 1991; Silver et al., 1992; 
Mennerick and Zorumski, 1995) and sometimes resem- 
bles the time course of receptor desensitization (Trussell 
and Fischbach, 1989; Tang et al., 1991; Trussell et al., 
1993), suggesting that glutamate released from multiple 
vesicles may remain in the cleft long enough to desensitize 
postsynaptic AMPA receptors significantly. Moreover, 
blockade of AM PA receptor desensitization with cyclothia- 
zide (CTZ; Patneau et al., 1993; Yamada and Tang, 1993) 
slows the decay of the EPSC to a greater extent as the 
probability of release is increased (Trussell et al., 1993; 
Mennerick and Zorumski, 1995), suggesting that diffusion 
of glutamate into the cleft from neighboring synapses, a 
process referred to as "spill-over" or "cross-talk," substan- 
tially prolongs the time over which glutamate remains at 
elevated concentrations in the cleft (Trussell et al., 1993; 
Barbour et al., 1994; Mennerick and Zorumski, 1995). This 
idea is supported by the observation that, in some cases, 
blockade of transmitter uptake prolongs the decay of the 
AMPA receptor EPSC (Barbour et al., 1994; Mennerick 
and Zorumski, 1994, Soc. Neurosci., abstract; Mennerick 
and Zorumski, 1995) but has no effect on the time course 
of the decay of the mEPSC (Mennerick and Zorumski, 
1995). 
In the present study, we have investigated the time 
course of the AMPA receptor EPSC in conditions of high 
and low release probability to determine how increased 
transmitter release affects the time course of the postsyn- 
aptic response in cultured CA1 hippocampal neurons. Our 
results indicate that multivesicular elease, which has 
been shown to exist in this preparation (Tong and Jahr, 
1994b), does not prolong the time course of the glutamate 
transient sufficiently to slow the decay of the AMPA recep- 
Neuron 
1098 
A 
B 
EPSCs 
/ , , '  
.." ,, Control 
" -" 100 ~M CTZ 
i".. /  ,"" [Control Release] * [CTZ mEPSC] 
mEPSCs C 
ij' ,'?" 
t' / 
Control 
1 O0 pM CTZ 
release 
00 pA 
25 pA 
_ 30 quanta ms 1 
Figure 1. CTZ Enhances AMPA Receptor- 
Mediated Synaptic Responses 
(A) AMPA receptor EPSCs (50 p.M D-AP5, Vh = 
-70 mV) recorded in control solution (solid line) 
and in the presence of 100 pM CTZ (dashed 
line). The EPSC in CTZ was larger and longer 
than expected from a purely postsynaptic ef- 
fect of the drug (dotted line; see text). 
(B) Averaged spontaneous mEPSCs (1 p.M 
TTX) from the same cell as in (A), in control 
solution (solid line) and in the presence of 100 
~tM CTZ (dashed line). In control, "~d.c~y = 
1.81 _+ 0.55 ms (n = 163 events); in CTZ, 
"c~e~,y = 4.83 ± 2.17 (n = 150 events). 
(C) Time course of vesicle release in control 
conditions. Control mEPSC from (B) was de- 
convolved from the control EPSC in (A) (see 
Experimental Procedures). 
tor EPSC, even when receptor desensitization is blocked 
with cyclothiazide. These results argue against a signifi- 
cant contribution of cross-talk to the AMPA receptor EPSC 
decay and are consistent with the idea that each synapse 
contributes independently to the postsynaptic conduc- 
tance underlying the EPSC. We suggest that the EPSC 
decays more slowly than the mEPSC primarily because 
individual vesicles are released asynchronously during an 
evoked response (Katz and Miledi, 1965). 
Results 
Effects of Cyclothiazide on mEPSCs and EPSCs 
EPSCs were recorded from cultured CA1 rat hippocampal 
neurons grown in isolated microcultures (see Experimen- 
tal Procedures). AMPA receptor-mediated EPSCs, which 
were isolated by blocking NMDA receptors with D-2-ami- 
no-5-phosphonopentanoate (D-AP5, 50 pM), peaked and 
decayed rapidly (Figure 1A, solid line). AMPA receptor 
EPSCs reached a peak amplitude of 2061 _+ 1357 pA 
(mean ± SD, n = 17). The decay phase was fitted better 
by the sum of two exponentials (F test, p < .01) in 14 of 
17 cells, but, when fitted by a single exponential, AMPA 
receptor EPSCs were observed to decay with a time con- 
stant Xdecay = 4.65 --+ 1.20 ms (n = 17; Table 1). When 
cyclothiazide (CTZ, 100 p_M), which blocks AMPA receptor 
desensitization (Patneau et al., 1993; Yamada and Tang, 
1993), was added to the superfusion saline, both the EPSC 
amplitude and %ecay increased significantly (Figure 1A, 
dashed line). The peak EPSC amplitude was increased 
to 4198 _+ 2504 pA (p < .0001, paired t test, n = 17), 
while "~decay was increased to 27.1 _ 10.0 ms (p < .0001, 
paired t test, n = 17). In the presence of CTZ, the EPSC 
decay was better fitted by the sum of two exponentials (F 
test, p < .01) in all 17 cells (Table 1). These results are 
in agreement with those reported by other groups (Ya- 
mada and Tang, 1993; Mennerick and Zorumski, 1995). 
Effects of CTZ also were observed on mEPSCs re- 
corded in the presence of the Na + channel blocker tetrodo- 
toxin (TTX, 1 pM). In the presence of CTZ, both the ampli- 
tude and '['decay of mEPSCs were increased (Figure 1B). In 
9 cells, CTZ increased the average AMPA mEPSC ampli- 
tude from 24.8 _ 8.8 pA in control to 32.1 _ 12.1 pA 
(p = .01, paired t test), while increasing "cdecay from 2.1 _ 
0.6 ms in control to 6.1 ± 1.1 ms in CTZ (p < .0001, 
paired t test; Table 1). Similar results have been reported 
elsewhere (Yamada and Tang, 1993; Mennerick and Zoru- 
mski, 1995). 
To determine whether the effects of CTZ were consis- 
tent with a purely postsynaptic action on AMPA receptor 
kinetics, we estimated the EPSC wave form in CTZ if the 
drug were affecting only the size and shape of the mEPSC. 
First, the average mEPSC wave form recorded in control 
saline was deconvolved from the control EPSC (see Exper- 
Table 1. Effects of CTZ on Time Courses of Decay 
Control 100 pM CTZ 
n %,n~ (ms) ~-, (ms) ~2 (ms) AI (%) t,,og (ms) t, (ms) t2 (ms) A1 (%) 
EPSC 17 4.65 4- 1.2 3.7 _+ 0.9 14.1 +_ 13.1 0.65 -+ 0.11 27.6 _+ 10.0 12.6 _+ 2.3 54.1 _+ 13.6 0.36 _+ 0.09 
mEPSC 9 2.13 _+ 0.6 1.53 _+ 0.8 9.77 _+ 14.4 0.37 _+ 0.20 6.15 _+ 1.1 2.81 _+ 1.3 9.15 .+_ 2.2 0.18 +_ 0.10 
Release rate 7 3.9 -+ 1.7 2.6 -+ 1.3 10.5 -+ 9.7 0.45 -+ 0.13 7.8 _+ 3.6 2.4 _+ 1.5 29.5 -+ 14 0.22 -+ 0.11 
All values reflect mean -+ SD. A~ indicates the percentage of the total area under the double-exponential fitattributed to the fast component. 
Asynchronous Release Determines AMPA EPSC Decay 
1099 
A 
25 
20 , " 
15 . /  
10 e . . "  
i "° '"  i 
o 
115 i 0 5 10 20 25 
1 / mean (normalized) 
C 
- J  
B 
l nA 
20 ms 
D 
40 q ~e ; 30] ° °Qr 
20 
l0 c~ 0~MCTZ: • 
0 dlbe 100/aM CTZ: o 
40 ms 0 ll0 20 310 4; 
~'1,,.~ (ns), 10 IJM Cd 2+ 
Figure 2. Lowering Release Probability Does 
Not Alter EPSC Time Course 
(A) Plot of CV 2 versus (mean amplitude) ' for 25 
AMPA receptor EPSCs (50 raM D-AP5) evoked in 
the presence of 0, 2.5, 5, 7.5, and 10 gM Cd 2+ 
(closed circles) and 200 nM DNQX (open cir- 
cle). Responses were interleaved (5 consecu- 
tive responses in each of the 6 conditions, re- 
peated 5 times) to control for any gradual 
rundown, which was not evident. Diagonal 
(solid line) indicates predicted relation of a 
purely presynaptic effect. A purely postsynap- 
tic effect would be indicated by a horizontal 
relation. 
(B) AMPA receptor EPSCs recorded in control 
solution (thin line) and in the presence of 10 
#M Cd 2+ (thick line). The dotted trace rep- 
resents the response in Cd 2~ normalized to 
control. 
(C) Same as in (B), except that all solutions 
contained 100 laM CTZ. Responses are from 
a different neuron than in (B). 
(D) Pooled data from 17 experiments• Decay 
time constant in control solution is plotted 
against that in the presence of 10 IxM C& +. 
Seven experiments were performed in CTZ- 
free solution ( _+ Cd2+; closed circles), while 10 were performed in the presence of 100 I~M CTZ ( _+ Cd2+; open circles). In 3 of the CTZ experiments, 
EPSCs recorded in 0 Cd 2÷ appeared to be poorly clamped (circles with asterisks; see text)• 
imental Procedures). This deconvolution operation, the 
validity of which is investigated below, yielded an estimate 
of the time course of vesicle release in control conditions 
(Figure 1C). The release time course was then convolved 
with the average mEPSC recorded in the presence of CTZ 
to obtain the predicted EPSC in CTZ (Figure 1A, dotted 
line), which was smaller and decayed more rapidly than 
the actual EPSC recorded in CTZ (Figure 1 A, dashed line). 
This result illustrates that some actions of CTZ observed 
in EPSCs are not evident in the mEPSCs. 
Several explanations could account for this discrep- 
ancy. First, the concomitant release of multiple vesicles 
might change the time course of transmitter in the synaptic 
cleft (Trussell et al., 1993; Barbour et al., 1994; Tong and 
Jahr, 1994b; Mennerick and Zorumski, 1995). If released 
glutamate diffuses from one active synapse to another, 
the protracted glutamate transient could prolong the time 
course of the EPSC (Trussell et al., 1993; Barbour et al,, 
1994; Mennerick and Zorumski, 1995), an effect that would 
be accentuated when desensitization is blocked by CTZ. 
Second, the activation of many synapses during an EPSC 
might elicit a significant escape depolarization of the post- 
synaptic membrane, distorting the shape of the EPSC and 
creating the illusion of a more prolonged conductance 
(Spruston et al., 1993). Finally, CTZ could be acting pre- 
synaptically to enhance and/or desynchronize the release 
of vesicles during an evoked response. The experiments 
described below were designed to test each of these possi- 
bilities. 
Cross-Talk between Synapses Does Not Contribute 
to the AMPA Receptor EPSC Time Course 
Previous work in several different preparations uggests 
that intersynaptic diffusion of glutamate can cause a signif- 
icant slowing of the EPSC decay at some types of syn- 
apses (Trussell et al., 1993; Barbour et al., 1994; Menner- 
ick and Zorumski, 1995), but not at others (Hestrin et al., 
1990; Isaacson and Nicoll, 1993; Sarantis et al., 1993; 
Barbour et al., 1994). At those synapses where cross-talk 
occurs, "Cdecay increases as the probability of synaptic re- 
lease is enhanced (Trussell et al., 1993; Mennerick and 
Zorumski, 1995). This was tested in the present system 
by comparing the time course of the AMPA receptor EPSC 
recorded in control conditions favoring a high probability 
of release (i.e., 3 mM external Ca ~+) with that recorded in 
the presence of cadmium (Cd 2+, 10 laM), which reduces 
evoked vesicle release by blocking presynaptic calcium 
channels. When 10 pM Cd 2~ was added to the superfusion 
saline, the EPSC amplitude was reduced by 95.1% _+ 
2.8O/o (n = 8). Coefficient of variation (CV) analysis (4 cells) 
demonstrated that the reduction in EPSC amplitude was 
accompanied by a proportional increase in the CV 2 of the 
response, indicating that the action of Cd 2+ was primarily 
presynaptic (Figure 2A) (Faber and Korn, 1991). There- 
fore, even if cross-talk between active synapses were pres- 
ent in control conditions, its occurrence in the presence 
of 10 #M Cd 2+ would be highly unlikely. If cross-talk exists 
in conditions favoring release, the EPSC in Cd 2+ should 
decay more quickly than that in control. However, when 
EPSCs recorded in the presence of 10 #M Cd 2' were 
aligned by the time of the stimulus and averaged, the aver- 
age EPSC in Cd 2+ exhibited the same time course as that 
recorded in control (Figure 2B). In 7 cells, Cd 2+ caused no 
significant change in the decay rate (%ecav.ca/ %ecay . . . .  
101% -- 13%, p = .89; Figure 2D, closed circles), indicat- 
ing that cross-talk between active synapses does not con- 
tribute to the time course of the AMPA receptor EPSC in 
control conditions. 
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Figure 3. Deconvolution Analysis Is Sensitive 
to Small Changes in Release Probability 
(A) AMPA receptor EPSCs (50 p.M D-AP5) re- 
corded in 0, 2.5, 5, 7.5, and 10 I~M Cd 2÷. Cell is 
is the same as in Figure 2A. 
(B) EPSCs from (A), normalized. 
(C) Average mEPSC (50 pM D-AP5; 1 pM TTX) 
recorded from the same cell as in (A). Trace rep- 
represents average of 78 events. 
(D) Release rate histograms obtained by de- 
convolving the mEPSC wave form in (C) from 
the EPSCs in (A). Dotted line represents the 
histogram in 10 p.M Cd 2+, scaled to the same 
amplitude as histogram in 0 I~M Cd 2÷. 
It is possible that the effects of cross-talk on the AMPA 
receptor EPSC could be masked by the desensitization 
of AMPA receptors to the prolonged presence of glutamate 
(in CA1 pyramidal neurons, TOes = 9-10 ms; Colquhoun 
et al., 1992; Spruston et al., 1995). To test this possibility, 
AMPA receptor EPSCs were recorded in the presence of 
100 l.tM CTZ (Figure 2C, thin line). In a set of 7 cells, when 
Tdecay of the EPSC in the presence of CTZ and 10 i.tM Cd > 
(Figure 2C, thick line) was compared with that of EPSC 
recorded in CTZ alone, no significant difference was ob- 
served ('~ecayc~/"tdecay .... = 960/O "4- 80/0, p = 0.22, paired 
t test; Figure 2D, open circles). In 3 cells, however, rdec~y 
was decreased significantly in the presence of Cd > (Figure 
2D, circles with asterisks). While differences between 
"~ecay.c~ and "['decay con normally would be attributed to cross- 
talk, such discrepancies occurred only in those 3 neurons 
exhibiting the slowest responses in the control condition 
(i.e., 100 ~M CTZ, 0 i.tM Cd2+), suggesting that, in these 
3 cells, the quality of the voltage clamp in control may 
have been significantly lower than in the presence of Cd 2÷. 
The agreement in most cells between "~eoay in the high 
and low release conditions suggests that, in contrast to 
previous reports at other glutamatergic synapses (Trussell 
et al., 1993; Barbour et al., 1994; Mennerick and Zorumski, 
1995), cross-talk does not prolong the time course of syn- 
aptic activation of AMPA receptors on cultured CA1 hippo- 
campal pyramidal neurons, even in the absence of re- 
ceptor desensitization. These results also suggest that 
multivesicular release from the directly opposed presyn- 
aptic site, which has been reported at the neuromuscular 
junction (Giniatullin et al., 1993) and in the present prepa- 
ration under similar control conditions (Tong and Jahr, 
1994b), does not significantly affect the time course of the 
postsynaptic onductance. 
Determination of the Time Course 
of Vesicular Release 
The observation that r~ecay of the AMPA receptor EPSC 
remains constant over broad changes in release probabil- 
ity indicates that any interaction between glutamate re- 
leased from different vesicles is not sufficient o affect the 
time course of the postsynaptic response. A corollary of 
this result is that the deconvolution of the average single 
vesicle response (mEPSC) from the response to a large 
number of vesicles (the EPSC) would yield an accurate 
indication of the relative probability with which the compo- 
nent vesicles are released over time during an evoked 
response. This probability is expressed as the instanta- 
neous rate of release (quanta ms-l). If AMPA receptors 
are saturated by the release of a single vesicle (Tang et 
al., 1994; Tong and Jahr, 1994b; but see Liu and Tsien, 
1995; Stevens and Wang, 1995), then this technique is 
insensitive to simultaneous release of vesicles from the 
same presynaptic site (Tong and Jahr, 1994b). Conse- 
quently, the absolute amplitude of the deconvolved re- 
lease time course may represent an underestimate of the 
actual release rate. 
An example of this deconvolution analysis is shown in 
Figure 3. EPSCs were recorded from the same cell in the 
presence of a range of Cd > concentrations (0-10 i.tM, 3 
mM Ca>; Figure 3A). These responses exhibited similar 
time courses (Figure 3B), indicating that multivesicular re- 
lease did not affect the time course of the EPSCs. Follow- 
ing collection of the evoked responses, mEPSCs were 
obtained in the presence of TTX (1 ~M), and the average 
mEPSC time course was determined (Figure 3C). The 
mEPSC wave form was then deconvolved from each of 
the EPSCs shown in Figure 3A (Figure 3D). As predicted 
by the similarity in EPSC time courses (Figure 3B), the 
measured time course of release did not change with large 
changes in release probability: the release rate time 
courses in 0 and 10 i.tM Cd 2+, when normalized, superim- 
posed (Figure 3D). These results, coupled with those 
shown in Figure 2, suggest that multivesicular elease 
from the presynaptic terminal, the occurrence of which 
increases with release probability (Tong and Jahr, 1994b), 
occurs in a tightly synchronized fashion, such that the 
postsynaptic receptors cannot distinguish between the ar- 
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Figure 4. CTZ Prolongs Release Time Course 
(A) AMPA receptor EPSCs (50 p.M D-AP5) re- 
corded in control solution (solid line) and in the 
presence of 100 p.M CTZ (dashed line). Cell is 
the same as in Figure 1. 
(B) Averaged mEPSCs (50 p_M o-AP5; 1 pM l-rx) 
recorded from the same cell as in (A) in control 
solution (solid line) and in the presence of 100 
p.M CTZ (dashed line). 
(C) Release rate histograms in control solution 
(solid line) and in the presence of 100 gM CTZ 
(dashed line). Histograms were obtained by de- 
convolving the mEPSC wave forms in (B) from 
the corresponding EPSCs in (A). 
(D) Release rates histograms from (C), normal- 
ized and plotted on a semilog scale. Traces were 
shifted in time so that the peaks superimposed. 
Dotted lines overlying the data represent fits by 
the sum of two exponentials. Steepest dotted 
line represents the fast component in the control 
condition. 
Units on ordinal scale bar correspond to (A), (B), 
and (C). Time scale applies to all four 
panels. 
rival of multiple vesicles and one larger (or more concen- 
trated) vesicle, even when receptor desensitization is 
blocked (see Figure 2C). Therefore, the release rate"histo- 
gram" (Figure 3D), while probably underestimating the ab- 
solute number of vesicles released, accurately depicts the 
time over which release probability rises and falls during 
an evoked response. 
When poorly voltage clamped, EPSCs decay more 
slowly, due to unclamped charging of the postsynaptic 
membrane (Spruston et al., 1993). The quality of voltage 
clamp often is tested by comparing the time course of 
EPSCs in control solution to that of a smaller EPSC ob- 
tained in the presence of subsaturating concentrations of 
a receptor antagonist (e.g., Barbour et al., 1994). Similar 
time courses indicate that temporal distortion of the synap- 
tic current due to poor voltage control of the postsynaptic 
membrane is comparable in the two cases. Because Cd 2÷ 
reduces the probability of vesicular release without chang- 
ing its time course (Figure 3), a comparison of EPSC time 
courses in the presence and absence of Cd 2+ serves as 
a good test of voltage clamp. Analogous results were ob- 
tained when EPSCs were reduced postsynaptically with 
competitive AMPA receptor antagonists 6,7-dinitroquinox- 
aline-2,3-dione (DNQX, 200 nM) or 6-nitro-7-sulphamoyl- 
benzo(f)quinoxaline-2,3-dione (NBQX, 100 nM; data not 
shown). The good agreement in most cells between Zdeoay 
of EPSCs in control and 10 I~M Cd 2+ indicates that distor- 
tion due to voltage-clamp error of the EPSC wave form 
usually was not greater than that encountered in the mea- 
surement of mEPSCs. The agreement in the presence 
and absence of DNQX/NBQX indicates that any cable fil- 
tering of mEPSCs did not significantly distort the time 
course of the EPSC. 
CTZ Enhances and Desynchronizes 
Vesicular Release 
The results described above and illustrated in Figures 2 
and 3 demonstrate that the discrepancy between the ef- 
fects of CTZ on the mEPSC and EPSC time courses is 
due neither to intersynaptic diffusion of glutamate nor to 
voltage clamp error. Application of the deconvolution anal- 
ysis in the presence of CTZ suggested that CTZ acts pre- 
synaptically to increase the probability of release (Figure 
4). EPSCs (Figure 4A, solid line) and mEPSCs (Figure 4B, 
solid line) were recorded from the same cell in control 
solution ( -*- 1 laM TTX). Similar recordings then were ob- 
tained in solutions containing 100 raM CTZ (Figures 4A 
and 4B, dashed lines). When the average mEPSC wave 
forms in control and CTZ were deconvolved from the corre- 
sponding EPSC wave forms, the release rate histogram 
in CTZ was observed to be larger and broader than in 
control (Figure 4C). 
In 7 of 8 cells, the release rate histogram was observed 
to decay exponentially after reaching a peak. The time 
course of this decay, :re~ ..... which was 3.9 _+ 1.7 ms in 
control, increased to 7.8 _ 3.6 ms in the presence of CTZ 
(p = .015, paired t test, n = 7). In 4 of 7 cells, the decay 
in control was fitted better by the sum of two exponentials 
(see Table 1); in the presence of CTZ, the relaxation was 
fitted better by two exponentials (F test, p < .01) in all 7 
cells. The increased contribution in CTZ of the slow com- 
ponent of release rate decay, which was observed in 7 of 7 
cells, underlay a large portion of the observed potentiation: 
although the peak release rate was almost doubled in the 
presence of CTZ, the effect did not reach significance 
(189O/o _ 131O/o, p = .096, paired t test, n = 8). However, 
the total number of vesicles released, determined by integ- 
rating the release rate histogram over the duration of the 
response, was significantly increased in CTZ (380% ___ 
217%, p = .008, paired t test, n = 8). 
CTZ Increases mEPSC Frequency 
The deconvolution analysis described above suggests 
that the effects of CTZ on evoked EPSCs can be attributed, 
in part, to presynaptic actions. However, this method as- 
sumes that evoked EPSCs are comprised of individual 
events that are accurately represented by spontaneous 
mEPSCs. We have, therefore, investigated the presynap- 
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Figure 5. CTZ Increases mEPSC Frequency 
(A) Averaged AMPA receptor mEPSCs (50 laM 
D-AP5; 1 I~M TTX) recorded in control solution 
(solid line, 200 events) and in the presence of 
100 ~tM CTZ (dashed line, 200 events). 
([3) Amplitude distribution ofmEPSCs from (A), 
recorded in control solution (thick line) and 100 
~tM CTZ (dashed line). Dots represent the am- 
plitude distribution ofbaseline noise, recorded 
in control solution and fit by a Gaussian func- 
tion (thin line). 
(C) Cumulative histogram of mEPSC frequency 
(interval -~) in control solution containing 1mM 
(closed symbols) and 0 mM (open symbols) 
added Ca 2.. mEPSC frequency in both condi- 
tions was measured in the absence (circles) 
and presence (squares) of 100 p.M CTZ 
tic actions of CTZ using other methods that require no 
such assumptions. 
Changes in mEPSC frequency are thought to reflect 
changes in release probability (del Castillo and Katz, 
1954a). Previous work has shown that CTZ increases the 
frequency of detected mEPSCs severalfold (Yamada and 
Tang, 1993; Mennerick and Zorumski, 1995), but this ef- 
fect has been ascribed to the emergence of smaller 
mEPSCs from the baseline noise in the presence of CTZ, 
which increases mEPSC amplitude (see Figure 1B) (Ya- 
mada and Tang, 1993; Mennerick and Zorumski, 1995). 
In our hands, 100 !aM CTZ increased the mEPSC fre- 
quency to 579% ± 384% of control (p = .002, paired t 
test, n = 12). In most cells, a relatively small portion of 
the elevation of mEPSC frequency in the presence of CTZ 
was attributable to a concomitant increase in mEPSC am- 
plitude, as shown in Figure 5. In the illustrated cell, 100 
ttM CTZ caused a substantial increase in average "~de~y 
of the mEPSC but only a small increase in the average 
amplitude (Figure 5A). Comparison of the distribution of 
the mEPSC amplitudes with that of baseline noise (Figure 
5B) suggested that a low percentage of mEPSCs, in either 
condition, were obscured by baseline noise (o ..... = 5.2 
pA): only 11 of 200 events (5.5%) in control conditions 
had amplitudes less than 3x  Onoise; in 100 pM CTZ, 9 of 
200 events (4.5%) had amplitudes less than 3 x 6,o~. In 
neither condition were any events smaller than 2 x 6oo~se. 
Nonetheless, 100 pM CTZ caused a 5.3-fold increase in 
mEPSC frequency (Figure 5C). Furthermore, the effect of 
CTZ on mEPSC frequency persisted in the absence of 
external calcium (Figure 5C, open symbols), arguing 
against the possibility that the effect of CTZ on mEPSC 
frequency was due to an alteration in the resting perme- 
ability of the presynaptic membrane to calcium. Similar 
effects of CTZ in the absence of added Ca 2÷ were observed 
in all 5 cells tested. 
CTZ Reduces Failure of Synaptic Transmission 
Under conditions in which presynaptic stimulation often 
fails to elicit a postsynaptic response (e.g., low external 
Ca2+), a decrease in the incidence of failures has been 
shown to reflect an increase in release probability (del 
Castillo and Katz, 1954a). In the present preparation, re- 
ducing release with Cd 2+ (10-20 p.M) in some cells pre- 
vented a significant fraction of stimuli from evoking an 
EPSC. In the illustrated cell (Figure 6A), stimulation failed 
to evoke any response in 12 of 100 trials (e.g., Figure 6A, 
trace with asterisk). When the same cell was bathed in 
solution containing the same Cd 2+ concentration and 100 
pM CTZ, zero failures were detected in 100 trials. Similar 
results were observed in 4 of 4 cells in which failures were 
observed in the +Cd2+/-CTZ condition, suggesting that 
CTZ increases the probability of synaptic vesicle release 
in response to a presynaptic stimulus. The agreement in 
this cell between "~ecay in 0 and 10 raM Cd 2+ was better in 
control (Figure 6C) than in the presence of CTZ (Figure 
6D). Although the discrepancy in CTZ was greater than 
that observed in most cells (see Figure 2D), it was mark- 
edly less than that shown by others (Trussell et al., 1993; 
Mennerick and Zorumski, 1995), despite a greater modula- 
tion of release probability in the present experiments. 
CTZ Changes Paired-Pulse Modulation 
of NMDA EPSCs 
Paired-pulse modulation (PPM) of neurotransmission re- 
flects presynaptic hanges in release probability (del Cas- 
tillo and Katz, 1954b). A decrease in the ratio of the second 
pulse response to the first pulse response (PJP0 indicates 
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Figure 6. CTZ Reduces the Incidence of Syn- 
aptic Failures in Conditions of Low Release 
(A) Selected AMPA receptor EPSCs (50 ~.M 
D-AP5) recorded in the presence of 10 p.M Cd 2÷. 
Vertical bar above first trace indicates time of 
presynaptic stimulus in each trial. Traces rep- 
resent single responses: stimulus artifact was 
removed by subtracting the averaged re- 
sponse obtained in the additional presence of 
5 p.M NBQX. Synaptic failures were identified 
before this subtraction; the asterisk beside 
third trace denotes trial in which stimulation 
failed to evoke a postsynaptic response. Fail- 
ures were observed in 12 of 100 trials. 
(B) Same as in (A), from the same cell, but in 
the additional presence of 100 p.M CTZ. No 
failures were detected in 100 trials. 
(C) Averages of AMPA receptor EPSCs re- 
corded in control solution (thin line; "r~,~y = 2.7 
ms) and in the presence of 10 I~M Cd 2+ (thick 
line; "t~.y = 2.8 ms). The dotted trace repre- 
sents the response in Cd 2+ normalized to con- 
trol. From the same cell as in (A) and (B); Cd 2÷ 
trace includes responses shown in (A). 
(D) Same as in (C), but in the presence of 100 
p.M CTZ. "t~a~ = 21.6 ms in control solution 
and 27.7 ms in the presence of 10 IIM Cd 2÷. 
From the same cell as in (A) and (B); Cd 2÷ trace 
includes responses shown in (B). 
an increase in release probabil ity at the first pulse. Investi- 
gation of the effects of CTZ on PPM of AMPA receptor 
EPSCs is problematic, because the desensitization state 
of the AMPA receptor dramatically affects its response to 
a second presentation of glutamate (Trussell and Fisch- 
bach, 1989; Hestrin, 1992; Raman and Trussell, 1995). 
To circumvent this problem, we investigated the effects 
of CTZ on PPM of NMDA EPSCs. Single and paired stimuli 
were applied alternately every 15 s; subtracting the aver- 
age response to a single pulse from that to the pair yielded 
the average response to the second pulse (Figure 7A). 
Due to the high affinity and slow kinetics of the NMDA 
receptor (Lester et al., 1990; Patneau and Mayer, 1990), 
it is likely that nearly all of the receptors at the synapses 
activated by the first pulse were bound by glutamate at 
the time of the second pulse, delivered 30 ms later (Lester 
et al., 1990; Patneau and Mayer, 1990; Tong and Jahr, 
1994b). To a first approximation, then, P2 reflects the activ- 
ity of those synapses activated by the second pulse that 
were not activated by the first pulse. A relative decrease 
in P2 would indicate a decrease in the fraction of synapses 
not activated by the first pulse, i.e., an increase in release 
probability at the first pulse. 
PJP1, measured in superfusion solution containing 3 
mM Ca 2+, was 0.62 _+ 0.44 (n = 9). Lowering Ca 2÷ to 1 
mM increased P2/P1 to 0.95 _+ 0.19 (n = 10, differences 
in SDs invalidated t test), consistent with a decrease in 
release probability (Figure 7B). Addition of 100 ~M CTZ 
to the superfusion solution, in either I or 3 m M Ca 2+, signifi- 
cantly decreased P2/P~ (Figure 7B). In 3 mM Ca 2÷, CTZ 
reduced PdP1 to 0.40 _+ 0.33 (p = .0078, paired t test, 
n = 9); in 1 mM Ca 2+, CTZ decreased P2/P~ to 0.68 _+ 
0.42 (p = .037, paired t test, n = 10). These results, to- 
gether with those described earlier in the present paper, 
argue strongly for a potentiating action of CTZ on presyn- 
aptic release. 
Presynaptic Effects of CTZ on the NMDA EPSC 
Is Occluded by a Postsynaptic Action 
Other groups have argued against presynaptic actions of 
CTZ because CTZ has little or no effect on the amplitude 
of the EPSC mediated by NMDA receptors (Trussell et al., 
1993; Mennerick and Zorumski, 1995). Consistent with 
these reports, CTZ, in the same cells in which the paired- 
pulse data were obtained, had widely varying but insignifi- 
cant effects on the NMDA EPSC elicited by the first pulse 
(P1), as shown in Figure 7A. In a group of cells, P1 in the 
presence of 100 I~M CTZ was 110% _+ 51% of P1 in control 
solution (p = .93, paired t test, n -- 19; Figure 7B). Thus, 
in our hands CTZ increased the probability of release (indi- 
cated by a decrease in PJP1) without changing the ampli- 
tude of the control NMDA EPSC. 
The mechanism underlying this paradoxical result was 
investigated by taking advantage of the fact that the po- 
tentiating effects of CTZ on release probability, while re- 
versible, were very slow to wash out (rwas, >/ 60 s; data 
not shown), even when the solution bathing the cell was 
exchanged completely in a fraction of a second (Lester et 
al., 1990). After recording responses to paired stimuli in 
control solution (Figure 7C, "1"), the neuron was bathed 
in 100 t~M CTZ for several minutes until the presynaptic 
effects of CTZ (as monitored by the relative size of P2) had 
stabilized. Then, 1-2 s preceding every other trial, the 
superfusion solution was changed to one without CTZ and 
then switched back into CTZ immediately after the re- 
sponse had concluded. In this way, it was possible to re- 
cord NMDA EPSCs in the presence and absence of CTZ 
(Figure 7C, "2" and "3," respectively) without altering the 
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Figure 7. CTZ Exerts Pre- and Postsynaptic 
Effects on NMDA EPSCs 
(A) NMDA EPSCs (5 gM NBQX) recorded in 
control solution (left panel) and in the presence 
of 100 ~M CTZ (right panel). Averaged re- 
sponse to interleaved single (thick line) and 
paired (30 ms interval; thin line) stimuli. Smaller 
trace (dotted line) reflects subtraction of single 
pulse response from the paired pulse re- 
sponse. Scale bars apply to both panels. 
(B) Data from 19 cells (open circles) showing 
effect of 100 ~M CTZ on paired-pulse modula- 
tion of NMDA EPSCs. Effect in 1 mM Ca 2+ 
(n = 10) and 3 mM Ca 2+ (n = 9) was significant 
(p < .05; paired t test; closed circles reflect 
mean _+ SD in each condition). The effect of 
CTZ on NMDA EPSC amplitude in the same 
cells, however, was not significant (black bars; 
p = .93;n = 19). 
(C) NMDA EPSCs evoked by paired stimuli (30 
ms interval). EPSCs were evoked every 15 s 
throughout he entire experiment; diagram at 
top schematically illustrates the experimental 
protocol. Ten to fifteen responses were ob- 
rained in control solution ("1" in lower left panel), after which the cell was bathed in solution containing 100 I~M CTZ until the presynaptic effects 
of the drug had stabilized (3 rain). Then, 1-2 s prior to every other trial, the superfusion saline was switched back to control solution. After the 
stimulus pair was delivered in control solution ("3"), the solution was returned to that containing CTZ ("2"). This rapid switching was repeated 10- 
15 times, and the responses in each condition were averaged ("2" and "3" in lower panels). Scale bars apply to both panels. 
(D) Pooled data from 13 cells showing significant (p < .0001) postsynaptic reduction of NMDA EPSC by 100 IIM CTZ. "2" and "3" correspond to 
conditions described in (C). 
probability of release. This rapid switching between con- 
trol and CTZ solution was repeated 10-15 times in succes- 
sion for each cell (Figure 7C, diagram), and the responses 
in each condition were averaged. A comparison of the 
responses before addition of CTZ and in the presence of 
CTZ ("1" versus "2," Figure 7C), demonstrates that, in this 
cell, CTZ decreased P2 without changing P, (see Figure 
7A for another example). Comparing the potentiated re- 
sponses in and out of CTZ ("2" versus"3," Figure 7C) shows 
that P1 was larger in the absence of CTZ. Note that PJP1 
was similar in "2" and "3," confirming that the difference 
between the two potentiated conditions was due to a post- 
synaptic action of CTZ. In 13 cells, CTZ reduced the ampli- 
tude of the response in "2" to 71% ± 14% of that in "3" 
(p < .001, paired t test; Figure 7D). Preliminary experi- 
ments using outside-out patches suggest that 100 ~M CTZ 
has a similar effect on NMDA receptor currents activated 
by 10 mM L-glutamate (in 2 patches, the current amplitude 
in CTZ was 73% and 81% of control; data not shown). 
These results indicate that, in addition to its well-known 
effects on AMPA receptor kinetics and the effects on re- 
lease demonstrated above, CTZ acts postsynaptically to 
reduce NMDA EPSCs. 
Discussion 
Independence of Individual Synapses 
The observation that AMPA receptor EPSC decay rate is 
unaffected by large changes in release probability, even 
in the absence of desensitization, indicates that the time 
course of the AMPA receptor EPSC does not depend on 
the simultaneous activation of neighboring synapses. We 
conclude from these results that individual synapses con- 
tribute independently to the AMPA receptor-mediated 
postsynaptic conductance. Transmitter released from 
multiple vesicles has been shown in this preparation to 
encounter the same population of postsynaptic receptors 
(Tong and Jahr, 1994a, 1994b), but the present experi- 
ments suggest that this multivesicular release occurs 
within synapses, not between them. These results, cou- 
pled with the observed similarity between the mEPSC de- 
cay (2.1 _ 0.6 ms; see Table 1) and the deactivation rate 
of AMPA receptors in CA1 hippocampal neurons (2.2-2.3 
ms; Colquhoun et al., 1992; Spruston et al., 1995), suggest 
that glutamate is cleared very quickly from each synaptic 
cleft, even when many synapses are active simultane- 
ously. 
These results are at odds with those of other workers 
(Trussell et al., 1993; Mennerick and Zorumski, 1995). In 
one case (Trussell et al., 1993), the disagreement is likely 
to be due to significant differences in morphology between 
calyceal synapses in the cochlear nucleus and spiny syn- 
apses in the CA1 region of the hippocampus. The present 
experiments targeted neurons from the CA1 region exclu- 
sively, in contrast to Mennerick and Zorumski (1995), 
whose contrasting results may reflect either the morpho- 
logical distinctions between synapses in the CA1 region 
and those in CA3 (Chicurel and Harris, 1992; Sorra and 
Harris, 1993) or methodological differences. 
Implicit in our conclusions is the assumption that the 
reduction in release effected by 10 t~M Cd 2÷ greatly de- 
creases the probability that neighboring synapses are co- 
active. This is probably a safe assumption, but one can 
imagine an extreme case in which it might be incorrect. 
If, for example, AMPA receptors are not saturated during 
an EPSC (Liu and Tsien, 1995; Stevens and Wang, 1995; 
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but see Tang et al., 1994, and Tong and Jahr, 1994b) 
and a presynaptic stimulus elicited release of a very large 
number of vesicles (20) from each release site, even a 
95% reduction in release would cause a relatively small 
change in the number of active synapses while still de- 
creasing EPSC amplitude (Figures 2, 3, and 6). If this sce- 
nario were true, however, the CV 2 versus mean 1 relation 
obtained by varying Cd 2÷ concentration would exhibit a 
postsynaptic omponent (Faber and Korn, 1991) that was 
not evident in our analysis (see Figure 2A). 
Another premise underlying our conclusions is that glu- 
tamate diffusing from one synapse to another would inter- 
act with the receptors at the second synapse over an ex- 
tended period of time. Similar assumptions were made by 
other groups that have argued for the existence of inter- 
synaptic diffusion of transmitter by showing that the EPSC 
decay becomes slower when release is enhanced (Trus- 
sell et al., 1993; Mennerick and Zorumski, 1995). AMPA 
receptors in outside-out patches respond to a 1 ms gluta- 
mate pulse differently than to pulses that are slightly longer 
(2-10 ms; Colquhoun et al., 1992; Hestrin, 1992; Tong 
and Jahr, 1994b; Raman and Trussell, 1995; Spruston et 
al., 1995), suggesting that the AMPA receptor EPSC would 
reflect very small changes in the time course of the synap- 
tic glutamate transient; this temporal sensitivity would be 
enhanced when desensitization was blocked by CTZ. 
Apart from its postsynaptic actions, CTZ appears to 
affect the AMPA and NMDA components of the EPSC 
differently (3.8-fold versus 1.5-fold increase in release, re- 
spectively). This discrepancy could be due to NMDA re- 
ceptor-specific cross-talk, as NMDA receptors have a 
much higher affinity for glutamate than AMPA receptors 
(Patneau and Mayer, 1990). In addition, increases in multi- 
vesicular elease could potentiate AMPA receptor EPSCs 
more than NMDA receptor EPSCs if AMPA receptors are 
only minimally occupied by synaptically released gluta- 
mate (Liu and Tsien, 1995; Stevens and Wang, 1995; but 
see Tang et al., 1994, and Tong and Jahr, 1994b). How- 
ever, more thoroughly characterized manipulations of pre- 
synaptic release--changes in external calcium concentra- 
tion, potassium channel blockade, presynaptic GABAB 
and adenosine receptor activation-have parallel effects 
on the AMPA and NMDA receptor components of the 
EPSC (Perkel and Nicoll, 1993; Tong and Jahr, 1994b). 
These results suggest that the differential effects of CTZ 
are due to some other action. 
Time Course of Synaptic Vesicle Release 
Asynchronous release of individual synaptic vesicles was 
first shown at the neuromuscular junction (NMJ) by mea- 
suring latency fluctuations in the evoked release of single 
vesicles in low Ca 2÷ (Katz and Miledi, 1965). At 17.5°C, 
most release events occurred within 1 ms following the 
minimum synaptic delay, consistent with the relatively high 
degree of similarity in the endplate current (EPC) and the 
mEPC decay time courses at the NMJ in normal Ca ('~E~c/ 
"~mE~C -- 1.3; Katz and Miledi, 1979; Giniatullin et al., 1993). 
In the present experiments, the difference between the 
EPSC and mEPSC decays in control conditions (TEPSC/ 
"~mEPsc -- 2.2) was greater than that reported at the NMJ, 
corresponding to less synchronized vesicle release, as 
shown in Figures 3 and 4. The release time course actually 
consisted of two components (see Figure 4D): while CTZ 
enhanced the fast component of release, its greatest effect 
was on the slow component, which was prolonged ramat- 
ically. The actions of CTZ on mEPSC frequency in the 
absence of action potentials or extracellular Ca 2+ (see Fig- 
ure 5) clearly demonstrate an effect on the presynaptic 
terminal, but we cannot rule out the possibility that CTZ 
also affects axonal conduction of impulses. 
Asynchrony of Release Determines AMPA 
Receptor EPSC Decay 
The decay time course of the AMPA receptor EPSC (Tdeoay) 
is thought tO depend critically on how rapidly glutamate 
is cleared from the synaptic cleft. If glutamate is present 
very briefly (1-2 ms; Clements et al., 1992; Hestrin, 1993), 
~ecay shOuld be limited by the deactivation kinetics of the 
receptor or the relaxation of release rate, whichever is 
slower. If, on the other hand, glutamate is present for a 
longer period of time (Trussell et al., 1993; Barbour et al., 
1994; Mennerick and Zorumski, 1996), ;deoay should be 
limited by the desensitization rate of the receptor (~ - 9- 
10 ms; Colquhoun et al., 1992; Spruston et al., 1996). In 
the present study, AMPA receptor EPSCs decayed with 
a rate intermediate to these two processes (;dec~y = 
4.65 _+ 1.20 ms), in agreement with previous reports 
(Vyklicky et al., 1991; Tong and Jahr, 1994a; Mennerick 
and Zorumski, 1995). The similarity between the EPSC 
decay and the relaxation of vesicular elease rate (~re~ .... = 
3.93 _+ 1.72 ms) suggests that the shape of the EPSC is 
most strongly influenced by the asynchronous contribution 
of the component mEPSCs. 
Presynaptic Effect of CTZ 
Recently CTZ has been used to study the role of AMPA 
receptor desensitization in EPSC time course (Trussell et 
al., 1993; Mennerick and Zorumski, 1995), excitotoxicity 
(May and Robison, 1993), and network behavior (Funk 
et al., 1995). The experiments illustrated here, however, 
demonstrate that CTZ also potentiates presynaptic re- 
lease at synapses populated by AMPA and/or NMDA 
receptors. CTZ was shown to increase AMPA mEPSC 
frequency, decrease synaptic failures, and increase 
paired-pulse depression of NMDA EPSCs. Release rate 
histograms indicated that CTZ potentiates release primar- 
ily by prolonging the time over which release probability 
remains elevated following a presynaptic stimulus. 
Experimental Procedures 
Tissue Culture 
All experiments were performed on CA1 hippoeampal neurons dissoci- 
ated from 1-3 day postnatal rats and maintained in cell culture on 
collagen/poly-o-lysine "micro dots," as described previously (Segal 
and Furshpan, 1990; Bekkers and Stevens, 1991; Tong and Jahr, 
1994b), except that he CA1 region was dissected out after transverse 
hippocampal s ices were prepared. 
Whole-Cell Experiments 
Whole-cell recordings (Axopatch-1 D, Axon Instruments) were obtained 
with low-resistance (R,,p = 1-2.5 MQ; bubble number = 7.5-8) borosdi- 
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cate pipettes (World Precision Instruments) pulled on a two-stage verti- 
cal puller (Narishige), coated with Sylgard 184 (Dow Coming), and 
fire-polished. Patch pipettes were filled with internal solution con- 
taining 140 mM potassium gluconate, 10 mM NaCI, 6.23 mM CaCI2, 
2 mM MgCI~. 10 mM EGTA (pca = 7), 2 mM K2ATP (Calbiochem), 0.2 
m M Na2GTP (Calbiochem), and 10 m M HEPES, adjusted to pH 7.4 with 
KOH and filtered (Nalgene, 0.2 p.m) immediately before use. Control 
extracellular solution contained 160 mM NaCI, 3 mM KCL 3 mM CaCI2 
(except where specified), 0-1 mM MgCI2, 5 mM HEPES, 0.02 mM 
glycine (Bio-Rad), and 0.05 mM picrotoxin, adjusted to pH 7.4 with 
NaOH and 320 mOsm with NaCI. AMPA receptor EPSCs were re- 
corded in the presence of 1 mM MgCI2; owing to its voltage-dependent 
block of the NMDA channel (Mayer et al., 1984; Nowak et al., 1984), 
Mg 2" was omitted (without substitution) from the extracellular solution 
while NMDA EPSCs were recorded. Ultra pure salts (Aldrich Gold 
Label) were used exclusively in experiments requiring nominally cal- 
cium-free solutions. Unless otherwise specified, all other reagents 
were from Sigma. 
Where indicated, TTX, D-AP5 (Tocris Cookson), and CdCI2 were 
added from aqueous stocks immediately preceding the experiment. 
DNQX (Research Biochemicals), NBQX (a gift from Novo Nordisk), 
and CTZ (a gift from Eli Lilly; identical results were obtained with a 
batch from Research Biochemicals International) were added from 
DMSO stocks (final DMSO concentration ~< 0.1%) immediately preced- 
ing the experiment. In all experiments in which CTZ was used, equal 
volumes of DMSO were added to control solutions. Solution changes 
were effected via gravity-fed flow tubes (400 I~m diameter) placed 
100 p.m from the micro dot (Lester and Jahr, 1992). 
Autaptic EPSCs were evoked with 0.5 ms voltage jumps to 0 mV 
from a holding potential of -70 mV (all potentials reflect a -10 mV 
)unction potential correction). In most cases, the partially clamped 
action potential and capacitive transient associated with the voltage 
step were isolated in solution containing D-AP5 and NBQX (or DNQX) 
and subtracted from the averaged EPSC. Currents were low-pass fil- 
tered at 2-5 kHz (Axopatch-lD) and digitally sampled at 5-10 kHz 
using acquisition software (AxoBasic, Axon Instruments), adapted for 
use in this laboratory, on a 486DX PC; series resistance (2-5 M£~) 
was compensated by 80%-100% in all experiments. Data are ex- 
pressed as mean _+ SD. All experiments were performed at 20°C - 
22oC. 
Deconvolution Analysis 
High-frequency components of EPSC and mEPSC data were removed 
digitally using a polynomial smoothing algorithm (Igor Pro, WaveMe- 
trics). Due to limitations of the analysis software, in some cases the 
return to baseline of the averaged mEPSC was only 90°/0 complete. 
In these cases, the decay was extrapolated to baseline by fitting the 
decay by the sum of two exponentials. This manipulation substantially 
reduced noise in the deconvolution product without affecting the shape 
of the release rate histogram. Discrete Fourier transforms of averaged 
mEPSCs and EPSCs were calculated using Mathcad 4.0 (MathSoft). 
The Fourier transform of the mEPSC then was divided, point by point, 
into the Fourier transform of the EPSC. The quotient of this division, 
the Fourier transform of the release rate histogram, was returned to 
the time domain via the inverse Fourier transform (Mathcad 4.0). The 
product of this analysis usually contained high-frequency noise, which 
was then digitally filtered (Igor). 
Coefficient of Variation Analysis 
A set of consecutively recorded EPSCs (15-30 responses) were aver- 
aged together, and the time points at which the average EPSC reached 
half of the peak amplitude on the rising (tr,s~) and falling (tf,,) phases 
were determined. The amplitude of each individual EPSC in the set 
was determined by averaging the current amplitude between tr,se and 
t,a,. The mean and SD of the entire set of EPSC amplitudes was used 
to calculate CV (CV = SD/mean). CV 2 and mean ~ in each Cd 2" concen- 
tration were normalized to control (0 Cd2"). 
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